A Phase I HIV-1 vaccine trial sponsored by the International AIDS Vaccine Initiative (IAVI) was conducted in India in 2009 to test a subtype C prophylactic vaccine in a prime-boost regimen comprising of a DNA prime (ADVAX) and MVA (TBC-M4) boost. The trial demonstrated that the regimen was safe and well tolerated and resulted in enhancement of HIVspecific immune responses. Preliminary observations on vaccine-induced immune responses were limited to analysis of neutralizing antibodies and IFN-γ ELISPOT response. The present study involves a more detailed analysis of the nature of the vaccine-induced humoral immune response using specimens that were archived from the volunteers at the time of the trial. Interestingly, we found vaccine induced production of V1/V2 and V3 regionspecific antibodies in a significant proportion of vaccinees. Variable region antibody levels correlated directly with the frequency of circulating T follicular helper cells (Tfh) and regulatory T cells (Treg). Our findings provide encouraging evidence to demonstrate the immunogenicity of the tested vaccine. Better insights into vaccine-induced immune responses can aid in informing future design of a successfulHIV-1 vaccine.
Introduction
According to the recent UNAIDS report, there are 36. 68,000 deaths due to AIDS-related illnesses [1] . The increasing burden of HIV presents the urgent need for a vaccine to curb the pandemic. Although several vaccine candidates have been tested in various clinical trials, we are still not close to a successful HIV vaccine [2] . The RV144 trial conducted by the Thai government and the US Military has been the most promising thus far [3] .This trial employed a prime-boost vaccination regimen comprising of a nonreplicating recombinant canary pox vector ALVAC-HIV (vCP1521) prime and AIDSVAX gp120 B/E boost, and demonstrated that induction of antibodies to the V1/V2 peptides of the HIV-1 envelope correlated with a lower risk of infection, thus becoming the first large-scale Phase III HIV vaccine trial to exhibit a modest level of protective efficacy [4, 5] . In 2009, the National Institute for Research in Tuberculosis (formerly Tuberculosis Research Centre) at Chennai, India, and the National AIDS Research Institute at Pune, India, undertook an IAVI-sponsored Phase I HIV-1 subtype C prophylactic vaccine trial, known as the P001 trial (Clinical Trial registry CTRI/2009/091/000051) [6] . This randomized, placebo controlled, double blind, phase I trial enrolled 16 HIV-uninfected, healthy male and female adult participants at each of the 2 sites. The trial tested the safety and immunogenicity of a heterologous primeboost regimen employing ADVAX, a DNA-based vaccine consisting of Chinese HIV-1 subtype C env gp160, gag, pol and nef/tat genes cloned into the pVAX1 mammalian expression vector (Lot # 04030248, Vical, Inc., San Diego, CA) as the prime, and TBC-M4 a recombinant (MVA) vector encoding Indian HIV-1 subtype C env gp160, gag, RT, rev, tat, and nef genes (Lot # 1B, Therion Biologics Corporation, Cambridge MA) as the boost, with that of homologous MVA alone. Preliminary investigations found that 3 months after the final booster dose, all volunteers in both the groups had positive HIV-specific antibody responses against the Env, Gag, and Pol proteins. The study also characterized the neutralization ability of the antibodies and demonstrated the presence of neutralizing antibodies capable of neutralizing Tier-1 but not Tier-s pseudo viruses at 14 days post final vaccination. However, the titers decreased at 3 months post last vaccination. Based on these observations it was concluded that the vaccine did not induce production of potent broadly neutralizing antibodies [6] .
Most HIV-infected subjects produce neutralizing antibodies (NAbs) in low titers with limited neutralizing activity [7, 8] .Though NAbs tend to protect against infection, constant mutations in the virus helps them to evade neutralization by these antibodies [9] . A very small proportion of HIV-infected individuals produce Nabs that can cross-neutralize a large number of viral strains. These antibodies, called bNAbs, have been isolated from individuals referred to as elite neutralizers [10, 11] .Non-neutralizing antibodies (n-NAbs) also possess antiviral property, but their role in preventing infection is still naïve. HIV-1 specific Fc-gamma receptors of vaccine-induced antibodies activate mediators of antibody dependent cellular cytotoxicity (ADCC). Studies have shown that elite responders develop stronger and broader ADCC or neutralizing responses that are also potent against HIV-1 mutants.
Recent studies have reported that elite controller-derived cells interact strongly with B cells promoting their maturation, and class switch recombination [12] .Tfh cells are a subset of CD4 +T cells defined by CXCR5
hi PD-1 hi expression that reside in the lymphoid follicles [13, 14] and provide help to B cells for affinity maturation and differential response to pathogens [15] . [18] . Interestingly, the RV144 vaccine, which induced production of V1/V2 antibodies that correlated with protection against HIV infection, also induced IL-21 secreting pTfh cells in the vaccinees [19] . Thus, measuring vaccine-induced pTfh and B cell responses may provide key insights into the ability of the vaccine to elicit antibody-mediated protective immune responses. Regulatory T (Treg) cells down regulate the hyperactive immune system and act as immuno suppressors during HIV infection. Besides, they also regulate peripheral tolerance. Tregs can interact with microbial pathogens to sustain the delicate balance between the host and the pathogen [20] [21] [22] .Studies have documented that increased frequency of Tregs dampen HIVspecific immune responses [23] .The naïve and effector Treg subsets possess unique functions in auto-immunity, immune surveillance, and disease progression [24] [25] . However, the functional heterogeneity of Treg subsets and their involvement in immune-regulation during HIV vaccination remains largely unexplored and can provide valuable insights to improve vaccine immunogenicity.
The present study describes a more detailed characterization of the humoral immune responses induced by the P001 vaccine.
Materials and methods

Ethics statement
The P001 vaccine trial was conducted with the approval of the Institutional Ethics Committee of NIRT and samples were collected and stored appropriately with the written informed consent of the volunteers. Samples archived during the conduct of the trial for future studies were used for the present study with the approval of the NIRT IEC [NIRT IEC N0-2015013].
Study samples
Plasma and cryopreserved peripheral blood mononuclear cells (PBMCs) archived at NIRT alone were accessible and used for the present study. The samples belonged to 16 volunteers (9 males and 7 females) who were randomly assigned to either group A or B, with eight participants in each group. Group A participants received two intramuscular (I.M.) injections of ADVAX (a DNA vaccine), or placebo at baseline (time '0') and 1 month, followed by two I.M. injections of TBC-M4 (a recombinant MVA), or placebo at months 3 and 6. Group B participants received three I.M. injections of TBC-M4 or placebo at time 0, month 1 and month 6. Placebo used was 1X sterile PBS with 10% glycerol. Among the 8 volunteers in each group, 6 received the vaccine and 2 received placebo. Fig 1 depicts the schema of the vaccination strategy. 
Analysis of anti-V1, V2, V3 and MPER-specific antibodies
Plasma samples collected at baseline as well as at 2 weeks after the first and last vaccination time point were tested for the presence of IgG antibodies specific to V1, V2, V3 and MPER peptides of HIV-1 envelope gp120 using direct ELISA. Briefly, 96 well plates were coated with 5 μg/ml of peptide pools (15-mer peptides with 11 amino acid overlap) constituting the V1, V2, V3 and MPER regions, in 100 mM NaHCO 3 ( pH 9.6), by overnight incubation at 4˚C. Plates were washed with PBST (PBS containing 0.05% Tween 20) and blocked with PBS (Lonza, India) containing 1% BSA and 0.05% Tween 20 at 37˚C for 2 hours. After washing, heat-inactivated plasma samples diluted 1:50 with diluent (ABL Inc., MD) were added to each well and incubated at 37˚C for 1 hour. Subsequently, plates were washed and incubated with HRP-conjugated goat anti-human IgG (Thermo Fisher, Waltham, MA) at a dilution of 1:120000 at 37˚C for 1 hour. Plates were developed using One-step TMB substrate (Thermo Fisher). The reaction was stopped using 1N H 2 SO 4 and plates were read at 450nm using a microplate reader (ELx808-BioTek). All tests were performed in duplicates. Pooled normal healthy plasma was used as the negative control. The cut-off for a positive response was defined as mean OD of the negative samples plus 3 times the standard deviation ( Table 1) .
Evaluation of vaccine-induced T and B cells subsets by multicolour immunophenotyping
Cryopreserved PBMC that were collected one week after second vaccination and after 1, 2 and 48 weeks after last vaccination were used for this analysis. Cells were thawed, washed with 10% CRPMI and viable cell count was determined using the trypan blue dye exclusion method. cell viability was >90% and recovery was >70%. The cells cells were rested overnight, stained with an amine-reactive viability dye (Live/Dead aqua, Life Technologies) for 20 minutes at room temperature (Chowdhury et al 2015) [26] , washed with FACS buffer and stained with the following cocktail of monoclonal antibodies: T follicular helper cell (Tfh) panel: CD3-APC H7, CD4-BUV737, CD45RO-BUV395, CCR7-PEcy7, CXCR3-APC Alexa 700, CXCR5-BB515, and PD-1-PE; B cell panel: CD3-APC H7, CD38-APC, CD20-PE, CD19-BUV395, IgD-BUV737, CD27-BB515; regulatory T cell (Treg) panel: CD3-APC H7, CD4-BUV737, CD45RO-BUV395, CCR7-PEcy7, CD25-APC and CD127-PECF 594, for 20 minutes at 4 ºC (antibody and clone description are provided in S1 Table) . About 2 × 10 6 cells were stained for each panel. After staining, the cells were washed, fixed with BD Cytofix (2% paraformaldehyde) and analyzed on a FACS ARIA III flow cytometer (Becton Dickinson). A minimum of 1,000,000 total events were acquired and data were analyzed using FlowJo software, version 10 (Tree star Inc., Ashland, Oregon, USA).
Statistical analysis
Statistical analyses were performed using GraphPad Prism, version 5 (GraphPad Software, Inc., CA). Values are presented as median, interquartile, and percentage. Two-way ANOVA 
Results
Induction of HIV-1 gp120 variable loop specific antibody responses
Plasma samples obtained prior to vaccination as well as at 2 weeks post first and last MVA vaccination were analyzed for IgG antibodies specific to the first three variable loops (V1, V2 and V3) of the HIV-1 envelope as well as the MPER region. While none of the samples had binding antibodies at baseline or immediately after first vaccination, variable loop antibodies were detected after MVA vaccination (Fig 2) . The antibody levels increased consistently with each booster dose of MVA and reached peak values immediately after the last booster (S2 Table) . Antibodies to the V1 peptide were detected among 40% (2/6) of Group A and 50% (3/6) of Group B volunteers. Antibodies to V2 peptide were detected among 50% (3/6) of Group A and 40% (2/6) of Group B volunteers. V3-specific antibodies were detected in 90% (5/6) of Group A and Group B volunteers. On the other hand, MPER-binding antibodies were detected only in 10% (1/6) of Group A and Group B volunteers. These findings reveal that the poxvirus and adenovirus based HIV vaccines were capable of inducing antibodies with variable regions binding specificity similar to that seen in the previous HIV-1 vaccine trials [27, 28] .
Induction of circulating T follicular helper cells correlating with levels of variable loop antibodies
PBMC from the pre-vaccination, one week post second vaccination and 1, 2 and 48 weeks post final vaccination time points were analyzed by multicolor flow cytometry to enumerate the number of pTfh cells (S1 Table) defined as CD4+CD45RO+CCR7+PD1+CXCR5+CXCR3-cells as described by Locci et al [18] (S1 Fig) .
Vaccination induced significantly more Tfh cells than did the placebo (Fig 3A) . Table) . The numbers of Tfh cells were observed to increase progressively with time in both groups A and B, and remained significantly higher in the vaccine recipients as compared to the placebo (p<0.01). The frequency of circulating memory-like Tfh cells in Group B was significantly higher than in Group A at all the time points (p<0.01; S3 Table) . Interestingly, a positive correlation was observed between the V2 and V3 specific antibody response and the number of circulating Tfh cells (p<0.033 and p<0.017 respectively) in Group A alone (Fig 4) . 
Vaccine-induced plasma B cells
Induction of regulatory T cells correlating with levels of variable loop antibodies
Tregs were defined as CD3+ CD4+ CD25+ CD127-cells; memory cells were identified based on the expression of CCR7 and CD45RO as described by Baecher et al. [30] and Su et al. [31] ; activated Tregs were defined as CD3+ CD4+ CD25+ CCR7-CD45RO+ cells, and resting Tregs cells were defined as CD3+ CD4+ CD25+ CCR7+ CD45RO+ cells (S4 Fig). While there was no difference in the frequency of Tregs between placebo and vaccinees prior to vaccination (Fig 3C) , vaccination resulted in a significant induction of Tregs. Significantly higher numbers of Tregs (p<0.001) were seen at all time points post-vaccination). The median frequency of Tregs among CD4 + T cells was 1.2% (range 0.84-1.59%) in Group A, 2.0% (range: 0.5-2.25%) in Group B and 0.5% (range: 0.04-0.71%) in the placebo (S3 Table) . Group B volunteers had a higher frequency of Tregs as compared to Group A at 1, 2 and 48 weeks post final MVA vaccination (p<0.012, p<0.009 and p<0.003 at the three time points respectively; S3 Table) . We further analyzed the proportion of activated and resting Tregs among the vaccinated individuals and found that the proportion of activated Tregs was high at the time of last vaccination, but declined subsequently with time. (Fig 4) .
Discussion
The search for an effective HIV vaccine is still on. Some of the popular HIV vaccine trials conducted in the past including the VAX004, Merck 023 and HTN505 trials, have shown that it is difficult to elicit high titers of HIV-1-Nabs, and that the low levels of antibodies induced by the vaccines do not last long in vaccinated individuals [32] . The RV144 vaccine trial has thus far been the only HIV vaccine trial that brought some hope that a preventive HIV vaccine is possible. The trial demonstrated 31.2% reduction in risk of HIV infection among individuals vaccinated with live recombinant ALVAC-HIV(R) (vCP1521) and VaxGen gp120 B/E (AIDSVAX (R) B/E) in a prime-boost regimen [32] . A large number of immunological studies were undertaken to understand the correlates of vaccine-induced protection against HIV infection in the trial participants [33] [34] [35] [36] . One of the interesting observations of these studies was that IgG antibodies that bind to the V1/V2 region of the HIV-1 Env correlated with lower infection rates among vaccinees [37] [38] [39] . The present study aimed to characterize the immunogenicity of the subtype C prophylactic vaccine that was tested by the Indian Council of Medical Research (ICMR) and the International AIDS Vaccine Initiative (IAVI) using MVA (TBC-M4) and ADVAX as vaccine candidates in India a few years back [6] . Preliminary analysis revealed that vaccination resulted in production of HIV-specific antibody and IFN-γ responses, and reported that though the initial response appeared to be significantly higher in the DNA prime/MVA boost group (Group A) as compared to the MVA alone group (group B), the effect lasted only for a short time, implying that both the heterologous DNA/MVA prime-boost and the homologous MVA regimens were immunologically comparable [6] .
Here we describe our findings on vaccine-induced humoral immune responses studied using PBMC and plasma samples of the trial participants that were archived under ideal conditions at NIRT. The original study reported the induction of neutralizing antibodies with very limited cross-neutralization activity. Prompted by the findings of the RV144 trial, we determined the ability of the vaccine to induce V1/V2 specific antibodies, as well as antibodies to the V3 and MPER peptides of HIV-1. While none of the samples had HIV-specific antibodies binding to the variable regions or MPER peptides at baseline or immediately after first vaccination, we observed V1/V2 and V3-specific antibodies in a significant proportion of the volunteers in both the groups. On the other hand, only a small proportion of the volunteers developed MPER-specific antibody responses. Our findings are in line with previous observations that poxvirus and adenovirus-based HIV vaccines are capable of inducing antibodies to the variable regions of HIV-1 envelope. An earlier study in macaques reported a 10-fold increase in the level of anti-env antibodies following immunization with MVA alone as compared to those who were immunized with DNA and MVA [40] . A similar pattern was also observed in the trial under discussion, when total anti-env antigen specific antibody responses were measured [6] . A closely related trial called the P002 trial conducted in UK with the same vaccine construct used in the present trial, also reported higher titres of HIV-specific antibodies targeting rgp41 Env, rgp140 Env, p24 Gag, and rgp120 Env proteins in Group B than in Group A volunteers [41] .
The variable loops of the HIV-1 envelope are known to be highly immunogenic in both HIV and SIV [42-43], and possess contact points for the binding of bNAbs and non-neutralising antibodies (nnAbs) [18, 19] . Multiple monoclonal bNABs targeting the V1/V2 domain (e.g. PG9, PG16, CH01, CH03, and PGT145) have been isolated from HIV-infected individuals [19, 44, 45] . However, induction of bNAbs through vaccination has remained a major challenge. While earlier studies reported that production of HIV specific bNAb correlated with clinical and viral parameters [46] , most individuals with high viral loads do not develop bNAb, making it evident that the synergistic action of various factors is required for the development of bNAbs [47] . The antibodies generated in the P001 trial were found to possess very limited neutralizing activity. However, their ability to bind to gp120 peptides suggests a possible role in stimulating other protective mechanisms such as ADCC, and/or cell mediated virus inhibition [48] . Non-neutralizing epitopes of HIV expressed on the surface of infected cells may permit the destruction of these cells via ADCC, antibody-dependent cell mediated virus inhibition (ADCVI) or lysis of HIV particles via complement-mediated attack on the virus envelope [49, 50] . The lower rates of infection seen among vaccine recipients who developed HIV-1 specific nnAbs against the V2/V3 peptides in the RV144 trial provide major support for this hypothesis [38] Tfh cells prime the B cells, support affinity maturation and play a pivotal role in antibody production [18, 19, [51] [52] [53] . Activation signals from Tfh cells are critical for the development of antibody producing B cells [54] . The frequency of Tfh cells is reported to be higher in the blood and lymphoid organs of those with AIDS as compared to HIV+ non-progressors [55] . The memory subset of Tfh cells that exist in circulation in peripheral blood are referred to as peripheral Tfh (pTfh) cells [18, 19, [56] [57] [58] [59] . Correlation between the frequency of pTfh cells in circulation and the development of broadly neutralising antibodies against HIV has been reported in a large cohort of HIV+ individuals [18] . The present study identified a significantly higher frequency of pTfh cells among vaccine recipients in both Groups A and B, as compared to the placebo. Interestingly, the frequency of pTfh cells correlated positively with levels of variable loop antibodies, suggesting that the vaccine primed the host immune system and generated pTfh cells to produce HIV-specific antibodies. Although the vaccine under study failed to elicit a potent bNAb response, it is encouraging to note that the vaccine induced Tfh cells and elicited production of variable loop specific antibodies. A positive association between Tfh cell frequency, expansion of the B cell compartment and increase in circulating high-avidity SIVspecific antibodies during chronic SIV infection have previously been reported [60], suggesting strongly that induction of Tfh cells results in a significant antibody response. However in our study, the correlation was found to be statistically significant only in Group A, although a positive correlation was also observed in Group B. The very small sample size of the present study is a major limitation in this regard.
Development of new candidate vaccines for humans against major infectious killers is known to depend largely on the quality of the antibody response. Thus, Tfh cell based vaccines have the advantage of positively influencing the generation of a robust protective immune response in humans [18, 55] Several studies have shown that the interaction between the germinal center B cells and Tfh cells through numerous surface receptors is essential for the optimal development and survival of both cell types [52, 61] . Long-term immunity to infectious agents, such as viruses, is primarily due to the expression of antibodies from plasma cells and antibody secreting cells. Studies in animal models have shown that constant replenishment of plasma cells by memory cells is not mandatory because of the existence of long-lived plasma cells [61] . However, plasma cell longevity and its role in maintaining serum antibody levels are poorly defined. In the present study, we also measured the frequency of plasma B cells and memory B cells post-vaccination and found that vaccine recipients had significantly higher numbers of plasma B cells than placebo. Group B volunteers had higher frequencies of plasma B cells than Group A vaccinees, suggesting that the homologous regimen was better in terms of plasma B cell and antibody production than the heterologous regimen. Differentiation into plasma cells and germinal center B cells greatly depends on high-affinity antigens, and Tfh cells are essential for B cell maturation, survival, and proliferation [18, 52] . Though the frequency of pTfh cells was found to be higher among the vaccinees, we could not observe any correlation with B cell frequency possibly due to the very small sample size.
Regulatory T cells (Tregs) are known to suppress activation of multiple cell types including CD4 + and CD8 + T cells, B cells, natural killer cells, and dendritic cells. In HIV infection, studies have reported that Tregs cause significant increase in antigen-specific cytokine production from HIV specific CD4+ and CD8+ T cells [62] and help to prevent reactivation of latent reservoirs of HIV [63] [64] [65] [66] . Although there is very little data available on the induction of Tregs and their role in vaccination, Tregs are thought to play an important role in down regulating host immune response in order to maintain immune homeostasis and thus impact vaccine efficacy [67] [68] [69] . We were curious to see if vaccine under discussion had any effect on this subset of cells. Interestingly, we found that both the regimens induced Tregs without compromising the vaccine's immunogenicity in terms of antibody production as well as induction of pTfh cells and plasma B cells. We also observed a positive correlation between the number of Treg cells and V1/V3 region antibody response in both the groups. In summary, the present study characterized in detail the nature of the antibody response and detected V1/V2 specific antibody responses in a significant portion of volunteers, which are now known to be positive correlates for protection against HIV infection, through antibody dependent cell-mediated cytotoxicity (ADCC) or some other yet unidentified mechanism [70] . An effort to elucidate the ADCC activity of antibodies elicited by the vaccine would provide more detailed information on the protective nature of antibody response and further guidance for the design of a successful HIV-1 vaccine. Further, the variable loop antibody levels correlated positively with induction of circulating pTfh cells and Treg cells. One of the major limitations of this study is the small sample size, comprising of only 16 volunteers including 4 placebo and the remaining 12 distributed between the two study groups. Hence, many of the correlation analyses undertaken here lacked sufficient power to achieve statistical significance although positive responses were seen in many instances. However, the present study has revealed encouraging findings on the potential of the vaccine regimen for inducing favorable immunogenic responses among volunteers. Therefore, these results suggest that an in-depth analysis of vaccine-induced immune response can aid in informing future design of an HIV-1 vaccine based on the Indian Clade C virus. 
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